Background: Optimized preventive strategies are needed to reach the objective of eliminating pediatric AIDS. This study aimed to define the determinants of residual HIV transmission in the context of maternal antiretroviral therapy (ART) administration to pregnant women, to assess infant safety of this strategy, and to evaluate its impact on maternal disease.
Introduction
Administration of antiretroviral therapy (ART) to HIV-infected women during pregnancy and, postpartum, during breastfeeding, is one of the recommended options for the prevention of HIV mother-to-child transmission of the latest World Health Organization (WHO) guidelines, issued in 2010 [1] . Efficacy of this strategy has been clearly demonstrated in randomized and observational studies [2] [3] [4] [5] [6] [7] . However, although cumulative rates of infection at 12-18 months are significantly reduced, HIV transmission still occurs in a small proportion of the exposed infants. With the objective of eliminating pediatric HIV infection, understanding the determinants of this residual transmission is crucial.
Recently, different resource-limited countries have also expressed significant interest in a possible new strategy for HIV-infected women (Option B-plus) : the administration of lifelong antiretroviral therapy, irrespective of the CD4+ count, to all pregnant women [8] . This strategy has actually been implemented in Malawi since July 2011. Potential advantages include the harmonization of treatment and prevention programmes, avoiding stopping and starting of antiretroviral drugs, and prevention of sexual transmission. In this context further data informing this policy can be relevant.
In the present study we analyzed the data of a cohort of HIVinfected pregnant women receiving ART for the prevention of mother-to-infant transmission and of their children followed up until 24 months after delivery. We had the following objectives : a) to identify the determinants of residual transmission in this setting; b) to evaluate the safety in the exposed infants; c) to evaluate the safety in the mothers and to assess their immunological and virological status 24 months after delivery; d) to determine the proportion, among those discontinuing ART, who had to resume treatment because of a new pregnancy or a low CD4+ count e) to identify the determinants of the loss to follow-up.
Methods

Ethics Statement
The study was approved by the National Health Sciences Research Committee of Malawi (approval number 486). A separate informed consent was signed by all participants.
Study population and setting
Study population included HIV-positive pregnant women in Malawi attending two Ante Natal Clinics (one in Blantyre and one in Lilongwe) of the DREAM (Drug Resource Enhancement and Malnutrition) Program, designed and managed by the Community of S. Egidio, an Italian faith-based nongovernmental organization. Women older than 16, naïve to antiretrovirals (with the exception of single-dose nevirapine), willing to breastfeed up to 6 months (the recommended duration of breastfeeding at the time of the study [9] ), with no grade 3 or 4 laboratory toxicity and no active tuberculosis were enrolled in an observational study aimed to assess the pharmacokinetics and the safety of administration of ART to lactating women [SMAC (Safe Milk for African Children) study]. Data on determination of drug levels have been previously published [10] .
Clinical Procedures
ART was started as soon as possible after the first trimester for women meeting the criteria for treatment according to the DREAM program [7] (CD4+ count < 350/mm 3 ). For the other women, prophylaxis was started at week 25 of gestation age or as soon as possible if they presented after week 25. Women with CD4+ count < 350/mm 3 , received a combination of stavudine (d4T, 30 mg twice daily), lamivudine (3TC, 150 mg twice daily) and nevirapine (NVP, 200 mg twice daily) as firstline recommended therapy in Malawi at the time, and continued the same treatment after the end of breastfeeding. Women with a CD4+ count > 350/mm 3 , received a regimen of zidovudine (ZDV, 300 mg twice daily), lamivudine and nevirapine (the preferred strategy used by the DREAM program) until 6 months after delivery or longer if breastfeeding was not stopped at 6 months. Women experiencing nevirapine-associated toxicity were allowed to replace this drug with either indinavir (IDV, 800 mg three times a day) or lopinavir-ritonavir (LPV/r, 400/100 mg twice daily). All infants received a single-dose of NVP syrup (2mg/kg of body weight) within 72 h of birth. Women were instructed to exclusively breastfeed for 4.5 months and then wean their infants over a 1.5 month period, until complete cessation of breastfeeding at 6 months. At each visit after Month 6 information was collected about possible continuation of breastfeeding, and the presence of breast milk was verified by manual breast expression.
Laboratory Procedures
Hemato-chemistry and immunological laboratory testing was performed at the local DREAM laboratories in Malawi. Laboratory abnormalities were classified with the use of the Division of AIDS Toxicity Tables [11] . Infants' infection status was assessed locally at 1, 3, 6, and 12 months using a qualititative HIV-1 DNA PCR assay (Amplicor HIV-1 DNA v 1.5 assay, Roche, Branchburg, NJ, USA). At 18 months an enzyme-linked immunosorbent assay (ELISA) test was performed. An infant was considered HIV infected based on a positive HIV-DNA PCR assay at any visit, and a positive ELISA at month 18.
Viral load in plasma and breast milk samples collected up to 6 months was measured at the laboratory of the Istituto Superiore di Sanità, Rome, using the kPCR Versant assay (Siemens Healthcare Diagnostics, Deerfield, IL, USA) with a lower limit of 37 copies/ml. HIV-RNA determination in plasma samples collected after 6 months was performed in Malawi using the Versant bDNA assay (Siemens Healthcare Diagnostics) with a lower limit of detection of 50 copies/ml.
Statistical analysis
Descriptive data are presented as means with standard deviations (SD) and medians with Inter Quartile Ranges (IQR) . Differences between means were tested with the Student t test and differences between medians with the Mann-Whitney test. Categorical data were compared using the chi-square test or the Fisher test, as appropriate.
The Kaplan-Meier method was used to estimate the rates of loss to follow-up, of HIV transmission and of mother and child survival (including HIV-free survival). The log-rank test was used to compare groups defined by the maternal CD4+ count at baseline (> or < 350/mm 3 ). In case of twins only the first-born was included in the transmission and survival analyses. Children lost to follow-up were censored at the date of their last negative HIV test for analyses of transmission and of HIV-free survival and at the date of last visit for mortality analysis. Time of HIV infection was estimated as the midpoint between the date of the last negative sample and the date of the first positive test. For the analysis of late postnatal transmission earlier infections were censored at the time of first HIV positive 2-Year Outcomes of Maternal ART for PMTCT PLOS ONE | www.plosone.orgtest. The Cox proportional hazards model was used to identify factors associated with mortality in children and loss to followup. Variables with P values < 0.2 in univariate analysis were included as covariates in the final multivariate models. For all statistical tests, two-sided P values of less than 0.05 were considered to be statistically significant. Data analysis was performed using the SPSS software system 20.0 (IBM, Somers, NY, USA).
Results
Study participants characteristics
A total of 311 women were enrolled between February 2008 and February 2009 (Figure 1) . Characteristics of the enrolled women and of the children of the study are reported in Table 1 .
At baseline women had a median CD4+ count of 339/mm 3 and an HIV-RNA level of 4.1 log 10 copies/ml. Median duration of breastfeeding was 25.7 weeks but, for 22.2% of the women, there was evidence of breastfeeding beyond 6 months (either presence of breast milk or reported breastfeeding after Month 6 visit). No evidence of breastfeeding was found after Month 15.
Mother-to-child transmission
Final HIV status was available for 278/288 (96.5%) children included in the analysis of transmission; among them 8 (4 males and 4 females) acquired the infection. All were delivered vaginally and received sd-NVP at birth. The cumulative risk of HIV infection was 3.2% (95% CI 1.0-5.4) by 24 months. Two infants first tested positive 1 month post-partum (either in utero, intrapartum or early breastfeeding transmissions), 2 during the period of breastfeeding (one at Month 3 and one at Month 6) and 4 at Month 12 (all 4 were HIV-negative at Month 6) ( Table  2) . Although a baseline CD4+ count > 350/mm 3 was not significantly associated with the transmission risk (P = 0.12) it has to be noted that 6 of the 8 (75%) transmissions occurred among women with baseline CD4+ cell count above this threshold (in 3 cases > 500/mm 3 ). Only one transmitting woman (N. 3) had previously been exposed to sd-NVP. In 1 of the 2 women who transmitted during the expected duration of breastfeeding (N. 4) the HIV-RNA levels were high both in plasma and in breast milk at the time preceding the first detection of HIV in the infant. Among the women who transmitted after 6 months two (N. 5 and 6) were on continuous therapy. The risk of late postnatal transmission (occurring after 6 months) was higher (P = 0.013, by the log-rank test), in women who had evidence of breastfeeding beyond Month 6.
Child survival and HIV-free survival
Thirty-nine children (2 HIV-infected) died during follow-up. Neonatal mortality was 2.1% (6/288). Excluding the 3 infants who died within 24 hours (never breastfed), the cumulative survival rate was 90% (95% CI 86.4-93.5) at 12 months and 86.3% (95% CI 82.1-90.4) at 24 months. In univariate analysis maternal CD4+ count < 350/mm 3 (P = 0.043), and a lower birth weight (P = 0.074) were associated to child mortality. In a multivariate model (including 243 children with available birth weight out of the total 288), adjusting for maternal baseline hemoglobin level, week of gestation at screening, and the presence of previous dead children, only maternal CD4+ count < 350/mm 3 remained associated [hazard ratio 2.6 (95% CI 1.1-6.1), P = 0.02] (Figure 2 ). Main causes of deaths were gastroenteritis (n. 12), pneumonia (n. 7), malaria (n. 7) and malnutrition (n. 4) ( Table 3) . HIV-free survival was 86.6% (95% CI 82.4-90.7) at 12 months and 85.8% (95% CI 81.4-90.1) at 24 months. HIV-free survival was not significantly different between children born to mothers with baseline CD4+ count above or below 350/mm 3 (P = 0.36). Figure 3 reports the longitudinal assessment of maternal viro-immunological parameters and hemoglobin levels according to the maternal CD4+ group at baseline. Among the women on continuous therapy (baseline CD4+ count < 350/ mm 3 ) there was a progressive increase of the CD4+ count until Month 24, while, for women discontinuing drugs 6 months after partum, a progressive although slow decrease was observed between Month 6 and Month 24 (from a median of 711 cells/mm 3 to a median of 623 cells/mm 3 ). In both groups > 85% of women had HIV-RNA < 400 copies/ml at Month 6 (86.7% in the group with baseline CD4+ count > 350/mm 3 and 91.7% in the group with < 350/mm 3 , P = 0.22). At Month 24 HIV replication was still suppressed in a high proportion of women in the group on continuous therapy (84.6% had HIV-RNA < 400 2-Year Outcomes of Maternal ART for PMTCT PLOS ONE | www.plosone.orgcopies/ml compared to 20.8% in the group who had discontinued drugs at 6 months). Women on continuous therapy had a higher hemoglobin level at Month 24 compared to the women who had discontinued drugs (P = 0.001).
Maternal viro-immunological outcomes and survival
Six women died at a median time of 4.9 months (IQR 3.3-10.3) after treatment initiation, 2 of them within 42 days of delivery. Maternal mortality rate was 0.7% (95% CI 0.2-1.6) and cumulative mortality at 2 years 2.1% (95% CI 0.53-1.56). Only 1 of the 6 women had a CD4+ count > 350/mm 3 at baseline (P = 0.14 for survival in women with baseline count > or < 350/mm 3 ). Causes of maternal death were tuberculosis in 2 cases, Kaposi sarcoma, pneumonia, malaria and complications of delivery in one case each. Among the baseline factors only age was significantly different between the women remaining alive and those who died (mean age was 27 years in those who survived vs 23 years in those who died, respectively, P = 0.047). Occurrence of severe (grade 3/4) anemia was significantly more frequent in the mothers who 
Adverse events in women and children
A total of 29 women (9.3%) developed a grade 3 or 4 anemia after a mean time of 11.2 weeks (SD 15.8) (in 16 cases during pregnancy); 12 were on treatment with ZDV and 17 with d4T (P = 0.52). A grade 3 or 4 skin rash presented in 15 women (4.8%) at a mean time of 3.9 weeks (SD 1.1) after treatment initiation. There was no significant difference in the proportion of women with severe rash according to the baseline CD4+ count threshold of 350/mm 3 . Seven women developed severe liver toxicity (grade 3 or 4) (2.25%) : 5/147 (3.4%) women with baseline CD4+ < 350/mm 3 vs 2/164 (1.2%) women with baseline CD4+ > 350/mm 3 (P = 0.26). Overall, nevirapineassociated toxicity (including grade 3 or 4 events and assuming that all liver toxicity was related to nevirapine) occurred in 22/311 women (7.1%) (10.2% with baseline CD4+ count < 350/mm 3 vs 4.2% women with baseline CD4+ > 350/mm 3 , P = 0.048). Thirty-four women (10.9%) modified their treatment because of adverse events, 19 because of NVP-associated toxicity (6.1%), (in 3 cases for increased levels of liver enzymes (1.0%) and in 16 cases for skin rashes (5.1%) including a grade 2 skin rash) ( Table 4) .
A total of 109 children developed a grade 3 or 4 anemia during follow-up (109/293 exposed children = 37.2%), 50 of the 138 (36.2%) children born from mothers on ZDV and 59 of the 155 (38.1%) d4T-exposed (P = 0.81). Of those developing anemia by 6 months (n. 72) 35 were exposed to ZDV and 37 exposed to d4T (P = 0.78). Development of anemia in children was associated with a lower hemoglobin maternal level at baseline (10.1 g/dl in those developing anemia vs 10.4 g/dl, P = 0.016), and a lower infant weight at Month 1 (3.9 Kg in those developing anemia vs 4.1 Kg, P = 0.009). A total of 71 children had an episode of grade ≥ 2 diarrhea and in 12 cases the gastroenteritis contributed to death. The frequency of diarrheal morbidity was rare before month 3 (2.0%), was highest from month 6 with weaning process (17.1% between 6 and 12 months) and declined after month 12 (3.4% between 12 and 24 months). Out of the 17 cases of grade ≥ 2 skin rash, 9 occurred within the first 6 months and 8 after the end of breastfeeding. Among the 18 cases of grade ≥ 2 liver toxicity, 10 occurred during the first 6 months. None of these child events was correlated with the maternal CD4+ cell count group at baseline (> or < 350/mm 3 ).
Post-partum ART re-initiation
Before the end of follow-up 45 of the 292 (15.4%) women who delivered an alive child initiated a second pregnancy. Among them 20 had a CD4+ count at baseline > 350/mm 3 and had discontinued treatment 6 months after delivery. One of them had a miscarriage, 17 resumed treatment (3 of them had also a CD4+ count < 350/mm 3 at the time of the new pregnancy), while two had not yet re-started treatment before the end of the study. A further 10 women had to resume treatment because of CD4+ count < 350/mm 3 and therefore meeting the criteria for treatment. The probability of re-starting ART (either because of a new pregnancy or because of a low CD4+ count) was 29.8% (95% CI 15.6-43.9) by 18 months of drug discontinuation. The probability of progression to a CD4+ count less than 350/mm 3 for women who had reached 6 2-Year Outcomes of Maternal ART for PMTCT PLOS ONE | www.plosone.orgmonths postpartum and discontinued ART (126) was 5.9% (95% CI 1.7-10.0%) 1 year after delivery and 20.6% (95% CI 9.2-31.9%) at 24 months. In this analysis all women who had at least one determination of CD4+ count of less than 350/mm 3 (n. 19) were included even if they had not restarted treatment before the end of the study. There were no deaths in this group of women. Only one woman among those who had immunological progression had a CD4+ count > 500/mm 3 at baseline. Women who progressed had a significantly lower median baseline CD4+ count compared to those who did not progress (416/mm 3 vs 562/mm 3 P < 0.001) and significantly lower CD4+ count at 6 months (531/mm 3 versus 772/mm 3 , P < 0.001). Baseline viral load, age, baseline weight, duration of ART during pregnancy, duration of breastfeeding, HIV-RNA at 6 months were not significantly different.
Loss to follow-up
Among the 292 women who delivered an alive child, 47 were lost before 24 months (18 before 6 months post-partum, and 29 after). The probability of loss to follow-up was 16.4% (95% CI 12.1-20.7%) at 2 years. In univariate analysis both a baseline CD4+ cell count > 350/mm 3 (P = 0.002) and a baseline hemoglobin level above the median (P = 0.006) were predictors of the loss to follow-up. In a multivariate model, adjusting for age and week of gestation at ART initiation, both the baseline CD4+ count group (hazard ratio 2.2, 95% CI 1.1-4.2, P = 0.019) and a higher baseline hemoglobin (hazard ratio 2.3, 95% CI 1.2-4.4, P = 0.009) remained significantly associated. The probability of loss to follow-up after 6 months postpartum was 10.8% (95% CI 7.0-14.5). The same factors were predictors of the loss to follow-up after 6 months (P = 0.025 for baseline CD4+ count > 350/mm 3 and P = 0.038 for baseline hemoglobin level above the median). Table 3 . Summarized causes of death in children (excluding neonatal deaths). , viral load (median log 10 copies/ml) and hemoglobin levels (median g/dl) in women in continuous therapy (Cont.) and in those who had discontinued treatment 6 months postpartum (Disc.). Analysis conducted on the 288 women who had an alive child and breastfed. Number of determinations available are reported for each timepoint. Data of women in the discontinuing group who resumed ART were included until treatment re-initiation.
Discussion
The Joint United Nations Programme on HIV/AIDS (UNAIDS) has proposed the ambitious goal of the elimination of HIV infections in children, keeping their mothers alive, by 2015 [12] . Implementation of known effective strategies is the priority to meet this goal. However, more information on the safety and effectiveness of the preventive regimens can help in defining optimized strategies. In our study maternal ART administration was significantly beneficial for women's health (with a very low mortality rate) and highly effective, with a transmission rate similar to other observational and randomized studies [2, 13, 14] . Although the very limited number of infections did not allow us to establish a significant correlation between one or more factors and the overall risk of transmission, some of our findings were intriguing. First, 6 out of the 8 transmission cases occurred in women with baseline CD4 > 350/mm 3 (and in 3 cases > 500/mm 3 ), underlining the importance of providing maximally efficacious strategies also to the women in less advanced disease stages. Also, in our study half of the cases of HIV transmission occurred between 6 and 12 months, a time when almost all mothers had reported they had weaned their child. Although we cannot exclude that some transmissions may have occurred at the very end of the expected duration of breastfeeding, continued breastfeeding beyond 6 months was the most likely mechanism of these infections (evidence of longer breastfeeding was indeed significantly associated to late infections), and the extension of the period of breastfeeding (and of prophylaxis) up to 1 year in Actually, a recent review [15] including > 20,000 women in high-and low-income countries, reported that only 73% of pregnant women were strictly adherent to the preventive regimens (75.7% during pregnancy and only 53% during the postpartum period), suggesting that actions to address the issue of drug adherence need to be taken while the preventive regimens are widely implemented.
The infant safety of these regimens [2] [3] [4] [5] [6] was confirmed in our study. No specific toxicity could be attributed to the use of these maternal drugs. Emergence of severe anemia was the most common adverse event although no correlation was found with zidovudine exposure, as previously reported by our group [10] . The development of severe anemia in children was correlated to a lower maternal hemoglobin level at baseline and to a lower infant weight at Month 1 suggesting that a major role has to be attributed to the high prevalence of malnutrition in the country [16, 17] .
Child mortality was still significant and similar to other contemporary cohorts in Malawi [18, 19] . The high rate of gastroenteritis associated to early weaning [20, 21] has certainly played a role, further supporting the prolonged period of breastfeeding of the new guidelines. Indeed, in the context of maternal ART administration, HIV transmission seemed to have a relatively low impact on HIV-free survival while mortality of the HIV-exposed uninfected infants remained the major determinant. Interestingly, in our study the only predictor of child mortality was maternal baseline CD4+ count < 350/mm 3 (this was not true for HIV-free survival, due to the significant proportion of transmitting women with high CD4+ count). In a previous study conducted in Malawi in the pre-ART era [19] , infant birth weight represented the most important factor associated to mortality up to 2 years. We cannot exclude the role of birth weight in our study since it was of borderline significance in univariate analysis and because this parameter was not available for all the children. However, it seems that a healthier condition of the mother, as indicated by a higher CD4+ count, could have a significant impact on child survival, as in previous reports [22] [23] [24] . Indeed, it has been hypothesized that reduced transplancental transfer of IgG antibodies and immunogical deficiencies in breast milk could play a role [25] [26] [27] . Since all women with baseline CD4+ < 350/mm 3 were on continuous therapy, it seems that effective treatment initiated in the last trimester of pregnancy would not be enough to reverse the risk associated with advanced maternal disease. Long-term treatment of HIV-infected women in resource-limited countries would be helpful in this regard.
One of the most relevant findings of our study was that 30% of the women who had discontinued treatment 6 months postpartum had to resume it (either because of a new pregnancy or a low CD4+ count) by 24 months and that one in five women reached the CD4+ count criteria for treatment by 2-Year Outcomes of Maternal ART for PMTCT PLOS ONE | www.plosone.org18 months of drug discontinuation. High fertility rate is common in resource-limited countries, and in the case of drug discontinuation after delivery it would be associated to repeated cycles of "starting and stopping" ART. Significant rates of progression were also reported in a secondary analysis of the Kesho-Bora trial [28] : 43/169 (25.4%) women discontinuing drugs at 6 months reached a CD4+ count < 350/mm 3 within 2 years, compared to 19/126 (15.1%) (with a Kaplan-Meier estimate of progression of 20.6%) in our study. Although the two study populations were similar, the longer duration of treatment during and after delivery in our study (6 and 18.7 median weeks in Kesho-Bora and 10 and 25 weeks in our study, respectively) may explain the observed difference.
Our findings on the immunological and virological data at 24 months extends data obtained in a previous study at 1 year [29] , showing the declining trend in the CD4+ count and the expected rebound of viral load in women discontinuing ART. Interestingly, in our study hemoglobin levels at Month 24 remained lower in women discontinuing drugs at 6 months compared to women who did not stop the drugs, who indeed continued to benefit from drug administration.
Loss to follow-up in our study was associated with higher hemoglobin levels and higher CD4+ counts at baseline. It seems therefore that a relatively good health status could not favour retention in life-long programmes, as suggested in a recent report [30] ; this issue should be carefully addressed in designing Option B-plus implementation. Another possible explanation is that women with a baseline CD4+ count > 350/mm 3 , who were scheduled to discontinue drugs 6 months after delivery, were less motivated to return regularly to the clinic. Future studies of early ART will determine if treatment administration provides a stronger link to care. Our study had several limitations including the observational nature, the relatively low number of women and children included, the lack of complete information on hospitalization and the clinical adverse events, and on drug adherence. Also, since HIV test was not performed at birth, some in utero transmissions could have been unrecognized and therefore responsible, to some extent, for early mortality. However, our results underline the high efficacy of this strategy, provide indication of possible areas of improvement, and support with some evidences the expansion of universal ART to all HIV-infected pregnant women.
